Cytochrome b (cyt-b) is widely used in molecular phylogenetic studies of vertebrate, but not invertebrate, taxa. To determine whether this situation is an historical accident or reflects the utility of cyt-b, we compared the abilities of cyt-b, COI, and one nuclear ribosomal gene region (D1 of 28S) to recover intergeneric relationships within the tiger moth tribes Ctenuchini and Euchromiini. Additionally, we compared the rate of sequence and amino acid evolution of cyt-b across insects. Cytochrome b had the same level of sequence variation and A/T bias as COI, but was less useful for recovering intergeneric relationships. The total evidence tree casts doubt on the traditional taxonomy of the group. For the class Insecta, we found that functional conservation of amino acids occurs for the same regions as those found in vertebrates with the exception of Mallophaga (lice). Lice have an accelerated rate of nonsynonymous substitutions. Accelerated rate of cyt-b nucleotide and amino acid evolution in Apidae (bees) may be correlated with increased metabolic rates associated with facultative endothermy ‫؍(‬ heterothermy).
INTRODUCTION
Molecular studies addressing phylogenetic relationships in vertebrates have relied most heavily on the mitochondrial gene cytochrome b (cyt-b). Cytochrome b sequences have been used to examine vertebrate relationships at several taxonomic levels from orders to species (e.g., Sheldon and Bledsoe, 1993; Honeycutt et al., 1995; Griffiths, 1997) . For insects, in contrast, the mitochondrial genes of "choice" are cytochrome oxidase I (COI) or cytochrome oxidase II (COII) (e.g., Simon et al., 1994; Caterino et al., 2000) . Insect studies that use cyt-b exist, but the literature is scattered and very recent.
The issue arises whether the paucity of insect studies that use cyt-b is merely historical accident or whether cyt-b lacks phylogenetic utility. We address the degree of phylogenetic resolution provided by cyt-b relative to two other genes (COI, D1 28S) at two taxonomic levels. First, we compare these genes for their effectiveness at resolving tiger moth phylogeny at a tribal level in separate and combined analyses. Then, we examine the divergence of cyt-b nucleotide and amino acid sequences across the class Insecta to assess the mode and tempo of rate heterogeneity.
Utility of cyt-b within Ctenuchini and Euchromiini
We compared the phylogenetic signal of cyt-b to COI for determining the phylogeny of tiger moths belonging to the tribes Ctenuchini and Euchromiini. These tribes are, with the exception of one genus, Euchromia, exclusively New World, with their center of diversity in South America. These tribes include extremely precise wasp, beetle, or fly mimics (Pliske, 1975; Weller et al., 2000) . To date, few recent revisions exist (Dietz, 1994) . Phylogenetic affinities are obscured by convergence of mimetic characters, particularly possession of a "wasp waist" and narrowed wings (Fig. 1) . The only modern, cladistic treatment of the family places these tribes as sister taxa based on immature stages (larvae and pupae), but sampling was limited to seven species (Jacobson and Weller, 2001) due to lack of reared material. Further, Jacobson and Weller (2001) were unable to test the monophyly and placement of Eucereon (Fig. 1A) , a large genus (165 species; Zerny, 1912) thought to be basal within Ctenuchini and Euchromiini.
Because mitochondrial DNA may be at the limit of its utility at resolving relationships at this level, we selected a more conserved nuclear rRNA gene region, Domain 1 (D1) of the 28S subunit (Larsen, 1992) , to complement the COI and cyt-b data sets. This region has been useful in determining the phylogeny of corals and has been shown to contain the same amount of phylogenetic information for frogs as sequences five times its length (Chen et al., 1995; Kjer, 1995) .
Utility of cyt-b across Insects
We also examined the mode and tempo of evolution of cyt-b across insects. Although mutation rates and phylogenetic signal of cyt-b have been examined between and within vertebrate classes at length (Honeycutt et al., 1995; Martin and Palumbi, 1993; Stanley and Harrison, 1999) , evolutionary comparisons for cyt-b among insects orders are rare. Currently, cyt-b in insects has been used to examine intrageneric relationships, although two suprageneric studies exist: within a parasitic wasp subfamily (Gimeno et al., 1997) and among basal families of beetles .
To examine evolution of cyt-b, we selected sequences currently available on GenBank that represent the taxonomic range of the class Insecta. Our goals were to identify conserved regions (functionally constrained) and document the mode and tempo of nucleotide and amino acid evolution. The emerging pattern is complex and parallels the general findings in vertebrates. 
EVOLUTION OF CYTOCHROME b IN INSECTS

MATERIALS AND METHODS
Moth Taxon Sampling
In total, 27 species (18 genera) were chosen to represent a range of diversity of the Ctenuchini and Euchromiini (Table 1) . In these two tribes, only 32 of 141 genera contain more than 10 species, and 18 of these are represented in our study. Further, these genera represent all major groupings of Hampson (1898) and several putative basal genera (e.g., Eucereon, Correbidia, and Correbia).
Genes, Amplification, and Sequencing
Three genes, two mitochondrial (mt) and one nuclear rRNA gene, were examined. A portion of cyt-b (517 bp), a region commonly used in insect studies, was used. Nearly the entire COI gene (1484 bp) and the D1 region (337 bp) of the 28S rRNA gene were also sequenced. Internal primers were chosen to maximize sequencing overlap of forward and reverse strands.
Total DNA was extracted from either dried museum specimen legs (3-30 years old) or legs of frozen material (Table 1) . We used the DNeasy Tissue Kit (QIA-GEN Inc., Santa Clarita, CA) and the Insect extraction protocol (DNeasy Tissue protocol, 1997) . Voucher material was deposited in the Insect Collection, University of Minnesota.
All gene regions were amplified by the polymerase chain reaction (PCR). To amplify COI, five primers (two external, three internal) were used. The external primers were K698 (5Ј-TAC AAT TTA TCG CCT AAA CTT CAG CC-3Ј) and PAT2K837 (5Ј-TCC ATT ACA TAT AAT CTG CCA TAT TAG-3Ј), which have 5Ј ends located at positions 1436 and 3037, respectively, on the Drosophila mt genome . Three internal primers were also used: C1-J-1751 (alias RON), C1-N-2191 (alias NANCY), and REVNANCY (5Ј-GAA GTT TAT ATT TTA ATT TTA CCG GG-3Ј; position at 5Ј: 2190) (Simon et al., 1994) . Two primers used for cyt-b were REVCB2H (5Ј-TGA GGA CAA ATA TCA TTT TGA GGW-3Ј; 5Ј position: 10934) and REVCBJ (5Ј-ACT GGT CGA GCT CCA ATT CAT GT-3Ј; 5Ј position: 11545). The D1 region was amplified from helix 14 to 14Ј (Larsen, 1992) with the following primer pair: D1UP (5Ј-GGG GAG GAA AAG AAC TAA C-3Ј) and Sequence data were imported into Sequencher 3.1.1 (Gene Codes Corp., 1998). Sequences for both forward and reverse primers for each individual were aligned automatically and reconciled. A consensus sequence for each taxon was generated from these. These consensus sequences were aligned by conserved motifs and adjusted by eye. For COI and cyt-b, sequences were translated and checked for stop codons.
Phylogenetic Analysis
Aligned sequences were imported into PAUP* (Swofford, 2000) . Each codon position of cyt-b and COI was checked for saturation by comparison of total pairwise distance versus pairwise distance in individual codons. All analyses were performed with heuristic parsimony searches with 10 random replications to avoid hidden topology islands (Maddison, 1991) . Trees were rooted with Hyalaceria gigantea Druce, which is hypothesized to be the sister taxon to the Ctenuchini and Euchromiini clades (Hampson, 1898) .
The mitochondrial protein genes (cyt-b, COI) were analyzed separately and combined to provide the best estimate of the mitochondrial gene tree. Each mitochondrial gene was also paired with the D1 region to determine whether D1 provided additional resolution. All data were analyzed as equally weighted for these analyses, although we did examine whether weighting by codon position (1:2:1) for cyt-b and COI improved phylogeny estimates as measured by numbers of trees and general tree statistics. A total-evidence (TE) analysis with all three genes (sites equally weighted) was performed to generate the best estimate of the moth tribes' phylogeny. Maximum-likelihood (ML) analyses were not performed on individual gene regions, because ML analysis of COI would not run to completion.
For the total-evidence tree, character support for individual nodes was determined with Bremer support (ϭ decay ; Bremer, 1988; Donahue et al., 1992) , partitioned Bremer support (Baker and DeSalle, 1997; Baker et al., 1998) , and bootstrapping (1000 replications; Felsenstein, 1985) . We also evaluated node robustness using taxon jackknifing (Lanyon, 1985) . This procedure reveals the sensitivity of tree topology to taxon sampling.
Last, we examined whether disagreements among gene trees, combined analysis, and "traditional taxonomy" were significant using the parsimony version of the K-H test (Kishino and Hasegawa, 1989) implemented with PAUP* (Swofford, 2000) . To examine whether gene trees were significantly different from each other, cyt-b topology was constrained to match the COI cladogram and vice versa. Resulting length differences were compared to the unconstrained topology and random trees. In separate analyses, the genus Eucereon and the two tribes were constrained to be monophyletic to test whether noncorrespondence of molecular trees and these taxonomic groupings was significant.
Cytochrome b Evolution in Insecta
To examine the evolution of cyt-b, 65 insect sequences representing eight orders were obtained from GenBank (Table 2) . Sequences were selected to maximize diversity across the class. Sequences were imported and aligned in Sequencher 3.1.1 (Gene Codes Corp., 1998) and translated with MacClade (Maddison and Maddison, 1997) . Pairwise sequence divergences versus pairwise amino acid divergences were plotted to examine synonymous/nonsynonymous changes across insect groups. Functional domains were identified and rates and types of amino acid substitutions were examined across the class with a model of cyt-b secondary structure (Howell, 1989) .
RESULTS
Utility of Museum Specimens
For the majority of taxa (79%) used in this study (Table 1) , DNA was extracted from a single leg of pinned museum specimens under 30 years old. Museum specimens were not treated differently 199 EVOLUTION OF CYTOCHROME b IN INSECTS than fresh material, and 96% of total extractions were successfully amplified for one of the three regions. In most cases, pieces less than 1 kb were amplified from this extracted material. There was some difficulty in amplifying regions larger than 800 bp, probably due to DNA degradation. These results indicate that insect museum specimens, like vertebrate specimens, can provide good-quality DNA for systematic studies.
Utility of cyt-b versus COI and D1 within Ctenuchini and Euchromiini
For cyt-b, we obtained 165 informative sites (32% of 517 bp). As is typical for a protein-coding gene, second positions were least variable, first positions were more variable, and third positions were the most variable (Table 3) . Cytochrome b had an A/T bias across all sites, which was most pronounced in third positions (A ϭ 41%, T ϭ 45%). For COI, we obtained 386 informative sites (26% of 1484 bp), and the gene had a similar distribution of increasing variation across the second, first, and third codon sites (Table 3) . COI also displayed an A/T bias, again most pronounced in third positions (A ϭ 43%, T ϭ 45%). Thus, cyt-b has slightly elevated variation across all codon sites compared to COI and comparable A/T bias. For each gene, we also examined potential saturation by comparing the pairwise distance of each codon position versus total pairwise distance. Neither the COI nor the cyt-b plots deviated from a linear relationship (not shown).
To simplify discussion of the three gene regions and their contribution to resolving relationships, we first discuss the strict consensus of two total-evidence trees found using the three gene regions, 21 taxa, with all sites equally weighted. These trees have a length (L) of Fig. 2 ). When codons are weighted 1:2:1, we recover 680 trees, a subset of the 730. In contrast, when COI data are analyzed, we obtain 6 trees (not shown; CI ϭ 0.48, RI ϭ 0.46, RC ϭ 0.22). The strict consensus recovers eight of eight TE nodes, and two of these (nodes 5 and 8) are more resolved in the COI analysis (Table 3) . When the data (Table 4) .
The ribosomal region, D1, has only 10 informative sites (3% of 337 bp) and a slight G bias (32%). Thus, the D1 region is too conserved to provide much information at this taxonomic level, because of the paucity of informative variable sites (Fig. 2) . Addition of D1 to cyt-b data reduces the number of trees from 730 to 580 by stabilizing basal nodes (not shown). Adding D1 to COI data has no effect on resolution (Table 4) .
Our examination of the data sets with a parsimony K-H test reveals that the phylogenetic signal provided by cyt-b is discordant with COI and the TE analysis. When cyt-b is constrained to the COI or TE topologies, tree length increases significantly (P Ͻ 0.05). When the COI analyses are constrained to recover clades found in the cyt-b analyses, tree length also increases significantly (P Ͻ 0.05). In contrast, unconstrained COI trees are not significantly longer than the TE topology (Fig. 2) .
The TE topology is also significantly discordant with prior taxonomic treatments. When monophyly of Eucereon is evaluated for the combined gene region data set, four trees that are 24 steps longer (L ϭ 2154) than the unconstrained trees result. Two of these were significantly longer than unconstrained topologies (P Ͻ 0.05). When reciprocal monophyly of Ctenuchini and Euchromiini is evaluated, eight trees that are significantly longer than the unconstrained trees (44 steps longer; P Ͻ 0.05) result.
Evolution of Cytochrome b in Insecta
Within pterygote insects, nucleotide substitution rates appear to reflect the relative age difference among the older Hemimetabola (38%; Table 5 ) and slightly younger Holometabola (27%) if swiflet lice (Pthiraptera: Hemimetabola) and Hymenoptera (Holometabola) are excluded. Swiftlet lice are exceptionally young (ϳ0.01 mya) and divergent (nucleotide divergence 37%; Table 5 ). Similarly, Hymenoptera is younger (arose later) than the hemimetabolous orders, but has a divergence (35%) comparable to that of Hemimetabola (38%, excluding lice). Sequence divergences among Diptera, Coleoptera, and Lepidoptera are also not consistent with putative ages; Coleoptera is older, based on insect phylogenies (e.g., Kristensen, 1991 ), yet has a lower sequence divergence than Diptera. 1 Dating is based on the oldest member of a group. The fossil record for the late Carboniferous shows that most insect orders were present.
2 Kukolova-Peck (1991) . 3 Tree of Life website (http://phylogeny.arizona.edu/tree/phylogeny. html).
4 Common (1990) . 5 Sequence is available for only one genus of damselflies. 6 Michener (2000). 10 Node 8a ϭ (5a ϩ Phaenarete ϩ (Eu. dentata ϩ Episcepsis) ϩ 6 ϩ 7).
11 Node 8b ϭ ((5 ϩ Phaenarete) ϩ (((Eu. dentata ϩ Episcepsis) ϩ Eu. costulatum) ϩ 6)) ϩ 7)). 12 Node 8c ϭ ((5a ϩ Phaenarete), (Eu. dentata ϩ Episcepsis), 6, 7).
EVOLUTION OF CYTOCHROME b IN INSECTS
However, taxon sampling is poor for these orders (Table 2) . When swiftlet lice and Hymenoptera (bees, ants, wasps) are excluded, an A/T nucleotide bias is found (overall A ϭ 34%, T ϭ 42%, C ϭ 14%, G ϭ 10%), and this transversion bias is pronounced at third codon positions (A ϭ 45%, T ϭ 46%). Codon usage is affected by these biases. For these insects, the most common amino acids and codons are leucine (TTA; 20%), isoleucine (ATT; 18%), and phenylalanine (TTT; 14%).
Hymenoptera have a slightly more pronounced A/T bias than other insects (A ϭ 35%, T ϭ 45%, C ϭ 12%, G ϭ 9%). The lower C/G content in Hymenoptera is most pronounced at the third positions (5% C/G; 95% A/T). The most common amino acids and codons are the same: leucine (TTA; 20%), isoleucine (ATT; 20%), and phenylalanine (TTT; 17%).
In contrast, swiftlet lice have a higher C/G content for all codons than other insects (A ϭ 26%, T ϭ 43%, C ϭ 16%, G ϭ 16%). Codon usage patterns reflect the higher C/G content in third positions (18% C/G). For example, valine residues comprise about 9% of cyt-b in lice, Hymenoptera, and other insects. In lice, though, codon usage includes a higher frequency of G or C in the third codon position (GUC 1.3%; GUG 1.0%) compared to Hymenoptera (0, 0%, respectively) or the rest of insects (0.2, 0.2%, respectively). In lice, the most common amino acids are phenylalanine (TTT 22%; TTC 3%) and leucine (TTA 12%). Isoleucine (ATT) comprises only 7% of the residues. An unusual pattern of 10 sequential phenylalanines occurs in louse 4 (D. hirudinea; Fig. 3 ) at the end of its sequence.
Across the class (excluding lice), 46% of amino acid residues are conserved (identical). The maximum amino acid sequence divergence among orders is 48% (parasitic wasp 1-water bug 1); the minimum is 9% (fruit fly-med fly). Individual amino acid substitutions can affect the protein's hydrophobicity profile if a hydrophobic amino acid is replaced by a hydrophilic amino acid (or vice versa). Across all insects, most amino acid substitutions cause a change in hydrophobicity (52% of total amino acids). Substitutions of hydrophobic with hydrophobic amino acids (15%) are more common than hydrophilic with hydrophilic substitutions (10%).
Amino acid substitutions represent nonsynonymous nucleotide substitutions. When the rate of amino acid sequence divergence is examined, interesting trends are observed for lice, Apidae (bees), Hymenoptera minus bees, and the remaining orders (Table 5) . For most insects, at these taxonomic distances (across orders) and relative age of origin, amino acid substitution rates scale linearly to nucleotide substitution rates. Within Diptera (flies), nucleotide sequence divergence is 27% and amino acid sequence divergence is 25%, implying that many nucleotide changes are synonymous. In contrast, both Hymenoptera and lice have elevated divergence of amino acid residues compared to their nucleotide sequence divergence and compared to the rest of Insecta.
Within Hymenoptera, nucleotide sequence divergence is 35% and amino acid divergence is 44%. Elevated rates of sequence divergence are pronounced within the family Apidae (solitary and eusocial bees), which has nearly as much amino acid divergence within the family as is found within the entire order (38%; Table 5 ). The origin of bees is relatively recent (ϳ80 mya) compared to the origin of the Hymenoptera (ϳ270 mya). Lice also have an accelerated rate of amino acid substitutions compared to older insect taxa (Table 5) . Thus, relatively young taxonomic entities, bees (Apidae) and lice (Pthiraptera), have among the highest amino acid and sequence divergences ( Table 5) .
We compared the rates of nonsynonymous amino acid substitution in the three functional domains (Howell, 1989; Degli Esposti et al., 1993) : Q 0 (binding sites, residues 70 -79, 134 -177, 252-287), M (membrane spanning, residues 33-49, 80 -98, 109 -133, 178 -201, 229 -251, 288 -307, 324 -342, 348 -370) , extracellular (E), and intracellular (I) (remaining regions). The 280 translated residues in common for a majority of sequences are shown (Fig. 3 ) and correspond to nucleotide positions 10827-11354 in D. yakuba. However, we examined residues across the entire gene. For insects (excluding lice), residues in the three Q 0 reaction centers are highly conserved (60, 52, 53% identity, respectively) (Fig. 3) . Lice are highly divergent from each other and other insects. Their first and third Q 0 reaction center residues are much more variable than the second (Q 0-1 0%; Q 0-2 68%; Q 0-3 32%; identity). Excluding lice, the eight membrane spanning residues (M 1-8 ) range from highly variable to conserved (M 1 82%; M 2 26%; M 3 32%; M 4 25%; M 5 96%; M 6 55%; M 7 37%; M 8 13%; identity) (Fig. 3) . Lice differ from the remaining insects for the five regions, M 1-5 (M 1 13%; M 2 11%; M 3 46%; M 4 26%; M 5 4%; identity).
DISCUSSION
Utility of cyt-b within Ctenuchini and Euchromiini
The three genes chosen for this study appear to provide phylogenetic resolution at different taxonomic levels. Cytochrome b contributes branch support across the tree, but most substitutions appear in the terminal taxa (Fig. 2) . In comparison, the sequence variation in COI provides resolution at both intrageneric and intergeneric taxonomic levels as demonstrated by partitioned Bremer support (Fig. 2) . Cytochrome b and COI have comparable sequence variation and A/T bias at third codons (Table 3) . We found that the 1:2:1 weighting scheme slightly improved phylogeny estimation is discordant with that of COI, partitioned Bremer support suggests that most cyt-b changes are autapomorphic (Fig. 2) . We expect either more trees (less resolution) or novel topologies if the phylogenetic signal is strongly discordant between the two genes. Examples of mitochondrial genes recovering different to-
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SIMMONS AND WELLER pologies occur, but are rarely significantly discordant. This situation arises from rate heterogeneity among the linked mtDNA genes (Honeycutt et al., 1995) . Jackknifing indicates that taxon sampling is very important if a gene is at the limit of its utility, as appears to be the case with these mitochondrial genes.
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Although the nuclear D1 region provides only 10 informative sites, the combination of D1 and cyt-b data set reduced the number of trees from 730 to 580 by eliminating basal polytomies. Adding data has a greater impact than weighting cyt-b (1:2:1). Addition of D1 to the COI data only slightly affects results (Table 4) .
The TE trees suggest that traditional taxonomy poorly reflects the phylogeny of these moths. Certain genera (e.g., Phaenarete, Empyreuma) are misplaced based on convergent external characters related to wasp mimicry (Fig. 1) . Reciprocal monophyly of the tribes is not recovered in any analysis, and constraint of the topology to reflect this hypothesis significantly increases tree length. Our analyses also do not support current generic limits (e.g., Cosmosoma, Eucereon). In retrospect, these results are not surprising. Eucereon is defined by black and white speckled forewings and wing venation (Fig. 1A) . Similarly, Cosmosoma (Fig.  1C) is defined by a combination of modified wing venation and other external characters related to mimicry.
Our results here suggest that further examination of tribal and generic limits is warranted. Increased taxon sampling for both molecular and morphological studies and sequencing of more slowly evolving genes is needed to stabilize generic limits and relationships.
Trends of Cytochrome b Evolution in Insects
For most insects, the mode and tempo of rate heterogeneity are similar to those of vertebrates, except for an A/T rather than a C/G nucleotide bias. In vertebrates, cyt-b is used for phylogenetic study at the species level. Sequence divergences within these insect orders indicate that cyt-b would also be useful at the species level.
As in vertebrates, cyt-b exhibits rate heterogeneity among lineages. However, rate heterogeneity is most prevalent among vertebrate classes (Stanley and Harrison, 1999) , whereas rate heterogeneity is observed within insect orders. Explanations that have been proposed for increased sequence divergence in mammals and birds commonly include small body size (Martin and Palumbi, 1993 ; but see Slowinski and Arbogast, 1999) , decreased generation time (Honeycutt et al., 1995; Rand and Kann, 1996) , or increased metabolic rate (Rand, 1994; Stanley and Harrison, 1999) . For insects, three additional hypotheses exist: (1) nucleotide bias (A/T) in holometabolous orders causes an increase in sequence and amino acid divergence rates (Jermiin and Crozier, 1994) , (2) founder effects may lead to accelerated divergence rates in sequences and amino acids , or (3) parasitic lifestyles lead to a "genetic arms race" between parasite and host and cause an increase in mutation rates .
Examination of cyt-b across Insecta does not support any of the insect-specific hypotheses. Jermiin and Crozier (1994) found that high divergence in amino acid sequences in Hymenoptera were not significantly correlated with a high A/T bias. Further, the louse genus Dennyus has the highest levels of amino acid divergence, but the most reduced A/T bias-particularly in the third codon position. Founder effects also appear to be an unlikely source of accelerated sequence divergence. A genetic bottleneck reduces population variation initially. The mechanism by which a bottleneck would then cause accelerated mutation rates in the surviving mitochondrial DNA haplotypes is unclear. Finally, the parasitic lifestyle hypothesis developed for lice is contradicted by bees. Free-living bees (Apidae) have an amino acid divergence comparable to that of the three parasitic wasp families combined (38% vs 34%), but parasitic wasps are older (Michener, 2000) .
The vertebrate hypotheses related to generation time or body size do not account for the observed rate differences. Lice are not particularly "short-lived" or tiny insects (Borror et al., 1989) . Among Hymenoptera, the observed elevated divergence is opposite to that of the prediction. In general, parasitic wasps are smaller and have a short generation time. Females of some species live up to 2-3 months under ideal lab conditions (Quicke, 1997) . In contrast, their larger, eusocial cousins have a reproductive queen lifetime of 2-3 years (on average) (Daly et al., 1998) . All Hymenoptera have a haplo-diploid sex determination system. Thus, an unusual sex determination system cannot explain the difference within the order.
We suggest that Apidae represent an invertebrate example of the metabolic rate hypothesis (Martin et al., 1992) . Increased metabolic rate associated with homeothermy is correlated with increased mitochondrial gene mutation rates in mammals and birds compared to other vertebrates (Rand, 1994; Stanley and Harrison, 1999) . A similar phenomenon appears to be occurring in insects, although the trend occurs at a much lower taxonomic rank. Bumblebees (Bombus) and honeybees (Apis) are known to regulate their body and colony temperatures very precisely using physiological, in addition to behavioral, mechanisms to maintain a narrow, optimal body temperature range, 28 -36°C (Heinrich, 1981 (Heinrich, , 1993 . Apidae are considered facultative endotherms (ϭ heterotherms; Heinrich, 1981) by insect physiologists (Bartholomew, 1981; Heinrich, 1993) . Only the genus Apis is known to regulate nest temperatures precisely, but the elevated rate of cyt-b sequence divergence is found in all apid comparisons, not just the Apis pairwise contrasts (not shown). The parasitic Hymenoptera are ectothermic; that is, they do not use physiological mechanisms to achieve their body temperatures.
Lice, like bees, stand out as an exceptional situation within Insecta. Unlike most hemimetabolous insects, they display a high level of amino acid divergence at a low taxonomic level. A potential explanation for this is contamination of swiflet lice sequences from vertebrate sequences during lab procedures; however, elevated rates of mt DNA sequence divergence also occurs in 208 pocket gopher lice for COI (Hafner et al., 1994) . Thus, the phenomenon of elevated mtDNA sequence divergence is real for the order (Hafner et al., 1994; Page et al., 1998) . One explanation for this high intrageneric divergence is that it results from a taxonomic artifact. A louse genus may in fact be the equivalent, due either to extinction or to cryptic speciation, of a holometabolous order and may be displaying divergences typical of that taxonomic level. As there is no fossil record of lice, it is not possible to test this assertion directly (Page et al., 1998) . Comparison of lice with bees leads to one other explanation: lice live in an environment with a high constant temperature (i.e., that of the mammalian or avian host). Although they do not expend energy to maintain an elevated body temperature, as is the case with bees, they do live in a homeothermic environment and should have elevated metabolic rates. However, further comparisons are needed between more lice (Pthiraptera) and their closest free-living relatives, bark lice (Psocoptera), to examine this hypothesis.
Insect thermoregulation is more complex than that of vertebrates, as is the distribution of the trait across the class. Different thermoregulatory strategies (i.e., both ectotherms and heterotherms) can be found within an order (review Heinrich, 1981) . A more precise test of the metabolic rate hypothesis can be performed with independent contrasts (Felsenstein, 1985) once sufficient molecular data have accumulated for the class Insecta.
